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Abstract: 
 
The human exposome affects child development and health later in life, but its personal 
external levels, variability, and correlations are largely unknown. We characterized the 
personal external exposome of pregnant women and chil ren in eight European cities. 
Panel studies included 167 pregnant women and 183 children (aged 6-11 years). A 
personal exposure monitoring kit composed of smartphone, accelerometer, ultraviolet 
(UV) dosimeter, and two air pollution monitors were used to monitor physical activity 
(PA), fine particulate matter (PM2.5), black carbon, traffic-related noise, UV-B 
radiation, and natural outdoor environments (NOE). 77% of women performed the adult 
recommendation of ≥150 min/week of moderate to vigorous PA (MVPA), while only 
3% of children achieved the childhood recommendation of ≥60 min/day MVPA. 11% of 
women and 17% of children were exposed to daily PM2.5 levels higher than 
recommended (≥25µg/m3). Mean exposure to noise ranged from Lden 51.1dB in 
Kaunas to Lden 65.2dB in Barcelona. 4% of women and 23% of children exceeded the 
recommended maximum of 2 Standard-Erythemal-Dose of UV-B at least once a week. 
33% of women and 43% of children never reached the minimum NOE contact 
recommendation of ≥30 minutes/week. The variations in air and noise polluti n 
exposure were dominated by between-city variability, while most of the variation 
observed for NOE contact and PA was between-participants. The correlations between 
all personal exposures ranged from very low to low (Rho < 0.30). The levels of personal 
external exposures in both pregnant women and children are above the health 
recommendations, and there is little correlation betwe n the different exposures. The 
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one day to more than one year depending on exposure due to high variability between 
and within cities and participants. 
 
Keywords: Personal exposure monitoring; Dynamic modelling, Particulate matter; 
Black carbon; Physical activity; Green spaces; Ultraviolet radiation; Pregnancy; 
Childhood 
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1. INTRODUCTION 
 
Early life and childhood are considered vulnerable periods in which exposure to 
environmental stressors can permanently change the body structure, physiology, and 
metabolism (Gluckman and Hanson, 2004). Some relevant environmental stressors 
during early life and childhood are air pollution, traffic-related noise and ultraviolet 
(UV) radiation. Early life exposure to air pollution has been linked with a myriad of 
health outcomes such as premature birth (Šrám Radim J. et al., 2005), childhood asthma 
(Clark Nina Annika et al., 2010) and impairment of brain development (Clifford et al., 
2016). Exposure to traffic-related noise in childhood has been associated with increased 
blood pressure and stress (Hohmann et al., 2013) and exposure to UV radiation with 
skin damage and increased skin cancer risk in adulthood (Green et al., 2011). 
Interlinked with these environmental stressors, green spaces and physical activity have 
been shown to have benefits to early-life and childhood health. Most of the beneficial 
effects of green spaces or surrounding greenness are related to pregnancy-related 
outcomes such as fetal growth (Dadvand et al., 2012b). Physical activity has been found 
to improve child’s cognitive development and psychosocial, bone, skeletal, and 
cardiometabolic health (Carson et al., 2017). It is therefore important to assess 
accurately the personal exposure levels among pregnant women and children.  
 
Up to now, most of the existing evidence on exposure-health relationships comes from 
epidemiological studies focused on a single exposure, sing self-reported exposures or 
residential estimates as predictors of individuals' exposure, whereas in daily life 
individuals face mixtures of exposures as captured by the exposome concept (Wild, 
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characterize personal exposure, as self-reported measur s suffer from information and 
recall biases (Althubaiti, 2016; Coughlin, 1990), and residential estimates often poorly 
correlate with personal exposures (Nieuwenhuijsen et al., 2015).  
 
There are only few studies based on personal measurments of multiple environmental 
external exposures (Dadvand et al., 2012a). Personal me surements have the unique 
ability to accurately quantify the actual levels and variability of people’s exposures 
(Steinle et al., 2013). Furthermore, they can also be used to correct the measurement 
error of the residential estimates (Buonaccorsi, 2010). However, until recently, the cost, 
inconvenience and annoyance of personal assessment ethods have prevented their 
extensive use in research. As a consequence, existing studies using personal 
environmental measurements are limited to small sample sizes, adults, one city, and/or a 
single exposure (Johannesson et al., 2011; Lanki et al., 2007; Montagne et al., 2013; 
Schembari et al., 2013; Sørensen et al., 2005). Moreover, only several studies about 
personal exposure to air pollution have assessed th inhaled dose (Buonanno et al., 
2013; de Nazelle et al., 2013, 2012; Dons et al., 2012; Int Panis et al., 2010; Rivas et al., 
2016; Zuurbier et al., 2010). Recent technological advances have brought new 
opportunities to assess the personal external exposome (Turner et al., 2017). 
 
The present study aims to characterize the levels, ariability and correlations of personal 
environmental exposures, including air pollution, traffic-related noise, natural outdoor 
environments, and ultraviolet radiation, and levels of physical activity, of pregnant 
women and children in eight European cities, using a set of objective personal exposure 


















2.1. Study design, participants and ethics 
 
The present study included two panel studies nested within The Human Early-Life 
Exposome (HELIX) project, one based on children ando e based on pregnant women, 
as previously described elsewhere (Vrijheid et al., 2014). Briefly, the HELIX project 
aims to implement tools and methods to characterize arly-life exposure to a wide range 
of environmental factors and associate these with da a on major child health outcomes, 
using six existing population-based birth cohort studies in Europe (i.e. INMA- Spain, 
BiB- UK, KANC- Lithuania, Rhea- Greece, EDEN- France, MoBa- Norway). The 
children panel study was carried out in five cities covered by the cohorts (Sabadell-
Spain, Bradford-UK, Kaunas-Lithuania, Heraklion- Greece, and Poitiers-France) and 
was aimed to include 150 children in total. In order to ensure completeness of data, 183 
children were finally recruited from the cohorts following a maximum variation 
sampling strategy to high traffic-density exposure at home address. The inclusion 
criteria for the children were: a) aged 6–12 years; b) available pregnancy blood and 
urine samples; c) available completed address history; and d) no chronic health 
problems. 
The pregnancy panel study was carried out in three citi s (Barcelona-Spain, Oslo-
Norway, and Grenoble-France) and was aimed to include 150 pregnant women in total. 
In order to ensure completeness of data, 167 pregnant women were recruited during 
their first trimester of pregnancy. The inclusion criteria for the pregnant women were: a) 
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conducted before week 20 of pregnancy; d) residence in the study area covered by the 
cohort; and e) not having high-risk pregnancy. The ethics committees of all 
participating cohorts approved the study protocol, and written informed consents were 
obtained from adult participants and legal guardian of children. 
 
2.2. Instruments 
Participants were monitored twice regarding their geographical location (i.e. which 
places they visited and which routes they took), physical activity (PA), and personal 
exposure to air pollution, traffic-related noise, ultraviolet radiation of medium wave 
(UV-B), and natural outdoor environments (NOE), using a personal exposure 
monitoring (PEM) kit (FIGURE 1). The two sampling periods were conducted during 
two non-consecutive normal weeks (i.e. school and working weeks) in the 2nd and 3rd 
trimester of pregnancy in the case of pregnant women and separated by 6 months in the 
case of children. The PEM kit was composed of: (i) a belt with an attached smartphone 
and accelerometer; (ii) a wrist UV-B dosimeter; and (iii) a small backpack fitted with 
one gravimetric sampler to measure particulate matter with aerodynamic diameter of 2.5 
µm or less (PM2.5) and one real-time sampler to measure black carbon (BC) (Table S1). 
Belt and wrist dosimeter were worn during waking hours (≥12 hours/day) for the full 
weeks and PM2.5 and BC monitors were deployed the last day (≈24 hours) of each 
monitoring week. The air pollution inlets of both monitors were attached to one handle 
of the backpack at the breathing zone. Each cohort decided in which parts of the panel 
study they participated, as a result, children from Kaunas and Heraklion did not wear 
the backpack and pregnant women from Oslo did not wear the PM2.5 monitor. For those 
using the PM2.5 monitor, two additional gravimetric samplers for PM2.5 were placed at 
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balcony of the house. Participants were instructed to place the PEM kit nearby while 
sleeping, bathing/washing or performing swimming activities, and to never place the 
backpack on the floor. The smartphone was equipped with an external battery 
(1500mAh) to guarantee at least 18 hours per day of battery life. Pregnant women were 
allowed to put the smartphone in flight mode and/or place it inside the backpack or their 
personal purse. Before being deployed, all instruments were synchronized with an 
atomic clock.  
 
PA was assessed with a wGT3X-BT tri-axial accelerometer (ActiGraph, LLC, USA) 
and the ExpoApp application (Ateknea Solutions, Spain) running in a smartphone GT-
S5360. ExpoApp is an integrated system to assess multiple personal environmental 
exposures (Donaire-Gonzalez et al., 2019). ExpoApp is designed to obtain information 
from the smartphone built-in sensors such as clock, satellite and network navigation 
systems, accelerometer, barometer and display, at the frequency users desire within the 
capabilities of the smartphone. The wGT3X-BT and ExpoApp were set to sample 
accelerometry at 30 Hz and 10 Hz, respectively. PA information obtained include 
wearing time, intensity, duration, and frequency of PA at one minute resolution (Choi et 
al., 2012; Crouter et al., 2013, 2010; Donaire-Gonzalez et al., 2013) (see Supporting 
information for smartphone to ActiGraph conversion and criteria in wearing time and 
intensity). Recommended physical activity thresholds for pregnant women and children 
were defined using international physical activity recommendations for adults (≥ 150 
minutes/week) and children (≥ 60 minutes/day), respectively (WHO, 2010).  
 
UV-B exposure was assessed by the Scienterra UV wrist dosimeter (Oamaru Otago, 
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We transformed Scienterra output into miliWatt per square metre (mW·m2) and 
Standard Erythemal Dose (SED) using calibration equations against reference 
instruments and international equations (Internatiol Commission on Non-Ionizing 
Radiation Protection, 1995), respectively. High UV-B exposure was defined as ≥ 2 SED 
per day, which is the exposure needed to produce a just-perceptible erythema 8–24 h 
after irradiation of the skin of one individual very sensitive to the sun (ICNIRP, 2010).  
 
PM2.5 time-integrated mass was collected gravimetrically using 37-mm Teflon filters 
held in a cyclone (model GK2.05 SH, BGI Inc., Walthm MA, USA) with an 
aerodynamic cut point of 2.5 µm and connected to a BGI/Mesa Labs A4004 pump 
working at 3.5L/min. Filter weighing and reflectance measurements were conducted 
with a microbalance of 1 µg accuracy (Model MX5, Mettler-Toledo International Inc., 
Switzerland) and a Smoke Stain Reflectometer (SSR) (Model 43D, Diffusion Systems 
Ltd., UK), respectively. Measurement procedures, quality control, as well as PM2.5 mass 
concentration and absorbance estimations followed th  ESCAPE project protocols (both 
available at www.escapeproject.eu/manuals). High daily exposure to PM2.5 mass was 
defined as ≥ 25 µg/m3 following WHO recommendations (WHO, 2006). BC exposure 
was measured with a MicroAeth (model AE51, AethLabs, San Francisco, CA) with a 1 
min resolution. An Optimized Noise reduction Averaging (ONA) algorithm was applied 
in order to smooth the BC concentrations (Hagler et al., 2011). The inhaled BC dose 
was estimated combining the time-resolved BC exposure with the inhaled rate. The 
inhaled rate per minute was estimated using the intensity of PA together with age, sex, 
and weight of individuals, following the existing equations from the Environmental 
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Exposure to road traffic noise and NOE (defined here as contact with major green 
spaces and surrounding greenness), were estimated for each participant at one-minute 
resolution using ExpoApp geographical location and Geographic Information Systems 
(GIS) (i.e. PostgreSQL 2.3.2, PostGIS 9.6.3, Spatialite 4.3.0a, SQLite 3.8.11.1). 
ExpoApp uses satellite and network navigation system  to fix the location of 
participants. Location of pregnant women using the smartphone in flight mode was 
determined using only satellite signal. The ExpoApp was set to sample satellite and 
network location at 1 Hz and 0.2 Hz, respectively. Smartphones have been shown to 
detect more trips than the GPS trackers and to havean overall accuracy in real-life 
settings of < 25 m (Donaire-Gonzalez et al., 2016). The location obtained by the 
smartphone was cleaned using a validated spatiotempral map-matching algorithm 
(Donaire-Gonzalez et al., 2016). Road traffic noise maps were obtained from local 
administrations and were generated following the European Directive for environmental 
noise (Directive 2002/49/EC). Noise exposure was estimated overlaying or snapping 
each minute geo-location against a raster map/polygon layer or line layer of the 
weighted day-evening-night noise level (Lden), respectively. High exposure to traffic 
related noise was defined as a continuous variable (amount of time in places with an 
exposure to Lden ≥ 65 dB) and as a categorical variable (participants wi h an average 
exposure to Lden ≥ 65 dB). Major green spaces maps were obtained fromthe Urban 
Atlas of the European Environmental Agency inside cities and CORINE Land Cover 
2006 (CLC2006) outside cities, and surrounding greenn ss from the normalized 
difference vegetation index (NDVI) raster maps from the Landsat 8 Operational Land 
Imager (OLI)/Thermal Infrared Sensor (TIRS) with 30m x 30m resolution. Contact with 
major green spaces (in minutes) was estimated for each geo-location as logical variable 
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NOE was defined as ≥ 30 minutes at least once a week, according to the results from 
Shanahan et al research (Shanahan et al., 2016). Surrounding greenness of each minute 
geo-location was abstracted as the average NDVI in a buffer of 100 meters.  
 
Following the recommendations for ambulatory assessm nts to have a representative 
measure of daily exposure (Heil et al., 2012), we considered a valid day of monitoring if 
the time-resolved measurement (i.e. PA, UV-B, BC, noise, and NOE) were correctly 
monitored (e.g. no missing + no device errors) at le st 70% of the waking hours (8am to 
8pm). For those exposures monitored the full week (i.e. PA, UV-B, BC, noise, and 
NOE), at least two valid weekdays and one valid weekend day were required for 
inclusion in the analysis. On the other hand, the tim -integrated measurements of PM2.5 
and PMabsorbance were considered valid when the elapsed time was ≥ 1200 minutes, and 
the flow changed less than 10% during sampling. 
 
2.3. Additional information 
Additional information was collected by questionnaire, including: (i) sociodemographic 
factors for all participants such as age (years), sex, environmental tobacco smoke 
exposure (ETS exposure; yes/no), body mass index (BMI; kg/m2), and city of residence; 
(ii) sociodemographic factors specific for pregnant women such as educational level 
(mothers of monitored children were also asked) (high (university or higher) vs other), 
gestational age (weeks), and working (student or employed/others) and marital status 
(married/others); (iii) time-varying environmental f ctors of the monitoring days such 
as indoor exposures related to smoking (yes/no), vacuum cleaner used (yes/no), and 
cooking (yes/no); (iv) non time-varying environmental factors such as the height of the 
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(mechanical/others), main heat system (electric or entral/others), and travel time (min) 
and distance (km); and (v) monitoring characteristics such as working days (yes/no) and 
time spent outdoors (min). Data on meteorological characteristics (e.g. humidity, 
temperature, precipitation, visibility), nitrogen dioxide (NO2) background levels, and 
ambient UV-B radiation during the monitoring days were collected from local 
meteorological stations, local background air pollution stations, and the Tropospheric 
Emission Monitoring Internet Service (TEMIS) project 
(http://www.temis.nl/intro.html), respectively. 
 
2.4. Statistical Analysis  
Multivariate mixed linear models adjusted for season, age, sex, and NO2 background 
levels (only in models with air pollution as a depend nt variable) or ambient UV-B 
levels (only in models with UV-B as a dependent variable) as fixed effects and with 
random intercept effects for participant and city were used for each exposure. NO2 
background levels and ambient UV-B levels were used to control the temporal 
variability of these exposures. NO2 pollutant was chosen because it is a good marker of 
traffic-related air pollution and was available for all cities. Intraclass Correlation 
Coefficient (ICC) was used to quantify the percent of the variance explained by 
between- and within-participants and cities. The reliability of measurements was 
defined as the ratio of the between-city and between-participant variance to total 
variance. The Spearman-Brown prophecy formula based on ICC was used to determine 
the number of days required to achieve a representative measurement (ICC ≥ 0.8) 
(McGraw and Wong, 1996). Partial Spearman correlation tests adjusted by city and NO2 
background levels were performed to assess the relationship between the personal 
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All analyses were conducted with R (version 3.2.2, the R Foundation for Statistical 





Participants’ and home characteristics are presented i  Table 1 (see participants’ and 
home characteristics by city in Table S2). Pregnant women were on average 32.9 (±4) 
years old and 86% were highly educated. Children were on average 7.8 (±2) years old 
and 46% of their mothers were highly educated. Personal exposure to PM2.5 mass and 
absorbance (PMabs), BC, traffic noise, and NOE differed substantially between cities 
(Table 2). 11% of pregnant women and 17% of children w re exposed to PM2.5 levels 
above the World Health Organization (WHO) 24-hour threshold ambient level of 25 
µg/m3 (Table 2). Furthermore, pregnant women from Barcelona and children from 
Sabadell were exposed to almost double levels of PMabs and BC compared to 
participants from other cities (Table 2). Pregnant women from Grenoble and Barcelona 
and children from Sabadell inhaled more than 8 µg of BC per day (Table 2). Personal 
air pollution mean levels were similar to home indoor and outdoor levels (Table S3). 
50% of pregnant women living in Barcelona and 50% of children living in Sabadell 
were located in high noisy areas (Lden > 65 dB) for m re than 20 and 5 hours per day, 
respectively (Table 2). 33% of pregnant women and 43% of children had contact with 
NOE during ≥ 30 minutes at least once a week, with pregnant women from Barcelona 
having the least NOE contact (21%) (Table 2). Regarding UV-B radiation, only 4% of 
pregnant women and 23% of children exceeded the 2 SED per day limit at least once a 
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moderate-to-vigorous physical activity (≥ 150 min/week), while only 3% of children 
achieved the recommended levels for children (≥ 60 min/day) (Table 2). 31% of 
pregnant women and 65% of children did not fulfil the recommended exposure levels 
for at least 2 components of the external exposome (Table S4).   
 
Table 3 shows the variability of personal exposures, and the percentage of this 
variability explained by differences between-cities (Bc), between-participants (Bp), and 
within-participants (Wp) as well as the number of monitoring days needed to achieve an 
ICC of 80%. The variability in the exposure to PM2.5 mass, PM2.5 absorbance, BC 
concentration, noise, and BC dose was mainly due to between-cities rather than to 
between-participants differences, both in pregnant women and children. Contact with 
NOE and PA (especially in pregnant women) was due to a large extent to participant 
characteristics. For PA, city was a stronger determinant in children than in pregnant 
women. The UV-B dose was found to be the most variable exposure, which requires 
more than 200 days of monitoring in children to achieve representative sampling 
(ICC>80%). 
 
Figure 2 shows the partial correlation matrix between personal and ambient exposures 
and meteorological characteristics in pregnant women and children adjusted for city and 
NO2 background levels. Many correlations were not statistically significant; hereinafter 
we only discuss the statistically significant correlations. The statistically significant 
correlations between the different personal exposures ranged from low (Rho = 0.15; 
between UV-B radiation and PA among pregnant women) to moderate (Rho = -0.29; 
between noise and surrounding greenness among pregnant women), and were different 
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exposures, ranged from low (e.g. Rho = 0.15; between home surrounding greenness and 
time in green spaces in children) to high (e.g. Rho= 0.91; between personal and home 
noise exposure in pregnant women), and were stronge among children than pregnant 
women (Figure 2). The correlations between the ambient exposures ranged from low 
(e.g. Rho = -0.24; between home surrounding greenness and home noise exposure in 
children) to moderate (e.g. Rho = -0.49; between home surrounding greenness and 
home exposure to NO2), and were again stronger among children (Figure 2). Finally, the 
meteorological characteristics were related mainly to air pollution among pregnant 
women, while among children they were related to NOE contact, UV-B dose, PA, and 





This is the first study assessing multiple external exposures at the personal level. Our 
study is one of the few studies that, apart from quantifying the exposure levels and their 
interrelationships, also assesses their variability within and between participants and 
cities. We observed considerable variation in the ext rnal exposome experienced across 
cities. Also, considerable percentage of participants was exposed to high environmental 
exposure levels, and exposure levels were generally higher in children than in pregnant 
women, particularly for UV-B and physical inactivity. Furthermore, the external 
exposome levels are highly variable both between-cities and between-participants, but 
also within-participants over time. Finally, we found most of the exposures to be only 
weakly to moderately correlated. 
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To our knowledge, only one study examined personal exposures in the external 
exposome (Nieuwenhuijsen et al., 2014). This previous study was conducted in one 
person to discuss the challenges of carrying multiple personal monitors to assess the 
exposome and acute health responses. Most previous studies using personal exposure 
measurement methods were focused on a single exposure (Berntsen et al., 2014; Dons et 
al., 2012, 2011; Evenson and Wen, 2011; Johannesson et al., 2011; Lanki et al., 2007; 
Montagne et al., 2013; Nethery et al., 2008; Nieuwenhuijsen et al., 2015; Riddoch et al., 
2007, 2004; Schembari et al., 2013; Sørensen et al., 2005; Sun et al., 2014; Thieden et 
al., 2004; Van Roosbroeck et al., 2007; Verloigne et al., 2012) or a single city 
(Buonanno et al., 2013; Dadvand et al., 2012a; Paunescu et al., 2017). 
 
Personal exposure levels to PM2.5 and PMabs presented in this study are in agreement 
with previous European personal exposure studies, which were carried out in adults 
(Johannesson et al., 2011; Lanki et al., 2007; Montagne et al., 2013; Schembari et al., 
2013; Sørensen et al., 2005). Two of these previous st dies were conducted in 
Barcelona (Montagne et al., 2013; Schembari et al., 2013). In the current study we 
observed lower personal exposure levels to PM2.5 and PMabs compared to the previous 
studies, with levels of PM2.5 of 24.1,  21.7 and 16.9 µg/m
3 and levels of PMabs of 3.1, 
2.2 and 2.5 (10−5 · m−1) in 2008 (Schembari et al., 2013), 2010 (Montagne et al., 2013) 
and 2014 (current study), respectively. However, even with this reduction, we found 
that 9% of the pregnant women in Barcelona were exposed to PM2.5 levels above the 
WHO recommended ambient limit of 25 µg/m3. Personal BC levels were similar to the 
ones reported in adults from Ambers (Dons et al., 2012, 2011), and children from Paris 
(Paunescu et al., 2017) and Barcelona (Nieuwenhuijsen et al., 2015), but our BC levels 
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2013). For the first time, we objectively calculated the inhaled dose of BC, and we 
found that there are cities where at least half of the people monitored inhaled more than 
8 µg of BC per day, which results in 2.9 g of inhaled BC per year.  
 
We showed that most of the variability was explained by city rather than by individual 
characteristics, which provides novel and very relevant information for interventions. 
The small variability found among individuals indicates that small-scale interventions 
within the city will have little or no impact on the exposure levels of its citizens. 
However, whole-city interventions would be beneficial for their citizens as reflected by 
the variability found between cities. Finally, the large variability found within people 
sheds light on the need to evaluate interventions over long periods of time. For these 
evaluations to be successful, they need to be as comparable as possible between them in 
regards to external temporal factors. In addition, in studies that base their personal 
exposure to air pollution on 24-hour measurements, we have shown that the attenuation 
of the relationship exposure-response will be around 50%, due to within person 
variability. Moreover, we observed that at least 6 days are needed to characterize 
personal exposure to air pollutants, which is in cocordance with previous research 
(Johannesson et al., 2011; Lanki et al., 2007; Nethery et al., 2008). As shown in 
previous studies (Lanki et al., 2007; Montagne et al., 2013; Schembari et al., 2013), 
personal exposure levels were similar to the indoor and outdoor (or residential) levels. 
Personal levels correlated better with indoor levels than with outdoor levels, and this 
correlation was stronger in children than in pregnant women. This may be due to 
differences in participants’ behavior (e.g. travel distance) and time spent in others 
micro-environments. In contrast to a previous study among pregnant women in 
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between personal exposure to PM2.5 and home surrounding greenness. However, we 
found positive statistically significant correlations between personal exposure to BC 
concentration and dose and personal and home surrounding greenness, although the 
correlation with BC dose was only observed among children.  
 
Road traffic noise exposure was estimated using a novel approach that combines time-
resolved location information of participants with road traffic noise maps instead of the 
more widely used home-based noise (Fu et al., 2017). As far as we know, this is the first 
time that this approach is used. The exposure assessment could be further improved by 
incorporating distance and angles to roads and barriers of insulation to produce more 
accurate personal exposure levels. However, our appo ch is promising given the 
difficulty to measure personal noise exposure with noise dosimeters (Nieuwenhuijsen et 
al., 2014). We observed that, with the exception of P itiers, Bradford, and Kaunas, 
more than 50% of pregnant women and children were exposed to traffic noise levels 
above the recommended Lden 55 dB (European Environment Agency, 2014). Also, we 
found that variability in personal traffic noise exposure was greater at a city level than at 
participant level. To achieve a representative assessm nt of personal exposure to traffic 
noise, a week of assessment is sufficient. The observed correlations between personal 
and the traditional home-based exposure levels werehigh (Rho > 0.85) , indicating that 
noise measured at the home level may capture our personal noise exposure, but we 
believe it may be due to the previous mentioned limitations of our personal noise 
exposure model. Moreover, and in agreement with previous studies (Foraster et al., 
2011; Ow and Ghosh, 2017), personal road traffic noise exposure was correlated 
positively with personal BC exposure and home absorbance levels and inversely 
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pregnant women and children. We also found inconsistent (i.e. positive for children and 
negative for pregnant women or vice-versa) correlations for NOE contact, UV-B dose, 
and travel distance.  
 
Personal UV-B dose levels found in the present study were in agreement with the dose 
levels reported in Copenhagen (Thieden et al., 2004) but lower to those found in four 
Australian cities (Sun et al., 2014). Our variance component analysis showed that the 
within-participant variability appears to be a more important factor for UV-B dose than 
variability between individuals or cities. Further work should focus on understanding 
what time-dependent factors could explain this variability, using long follow-ups and 
repeated surveys. Moreover, to have a reliable assessment of the UV-B exposure of 
children (aged 6–9 years), more than 1 year of monitori g is needed, while for pregnant 
women 61 days are enough. Similar to previous Australian research, we also found a 
low correlation (Rho < 0.25) between ambient and personal UV-B levels for both 
pregnant women and children (Sun et al., 2014). This finding highlights the low validity 
of ambient estimates to represent personal exposure to UV-B. Furthermore, the UV-B 
dose was also low and positively correlated with surrounding greenness and NOE 
contact in children and pregnant women, respectively, which is plausible as both 
exposures are related with being outdoors.  
 
Similar to our noise assessment, our time-resolved assessment of personal contact with 
NOE and surrounding greenness is a novel approach. To the best of our knowledge, 
only few studies have used a similar (Almanza et al., 2012; James et al., 2017) or the 
same approach (Triguero-Mas et al., 2017). However, th  studies of Almanza (Almanza 
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relationship between greenness and physical activity at minute resolution and this 
analysis may present biases related to selective daily mobility (Chaix et al., 2013). 
Among the cities of the Triguero-Mas study (Triguero-Mas et al., 2017) were Barcelona 
and Kaunas, but the median duration of contact withNOE found in that adult population 
was much higher (median (IQR) of Barcelona 15(39) and Kaunas 40(70) min/day) than 
in our study with pregnant women and children participants (Barcelona 6 (11) and 
Kaunas 6(11) min/day, respectively). In our study, the contact with a NOE was mainly 
determined by between-participants variability, while surrounding greenness exposure 
was due to between-city variability. We found that less than one week of monitoring 
might be enough for a reliable assessment of both exposures. We observed that those 
pregnant women exposed to higher levels of NOE and surrounding greenness are more 
physically active and receive a higher dose of UV-B radiation. As suggested by a 
previous study (Dadvand et al., 2012a), pregnant women surrounded by higher 
greenness levels tend to spend more time outdoors, which could explain these 
associations. Moreover, the lack of association betwe n the contact with a NOE and 
children’s PA level is similar to previous research s owing that most of children’s 
activity take place in streets and external venues with a parent nearby (McGrath et al., 
2015). NOE contact was weakly related to surrounding greenness, which reinforces the 
idea that both exposures could represent different concepts, especially in specific 
situations (e.g. a non-green park designed for leisur  vs. a green sidewalk designed for 
mobility).  
 
The levels of PA of pregnant women in this study were higher to those observed in the 
United States (Evenson and Wen, 2011) but similar to those found in Oslo (Berntsen et 
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England (Riddoch et al., 2007), but lower than those of the ENERGY-project 
(Verloigne et al., 2012) and the EYHS-project (Riddoch et al., 2004), which included 
children from Belgium, Greece, Hungary, the Netherlands, Switzerland, Denmark, 
Portugal, Estonia, and Norway. Our variance component analysis showed that PA 
variability of both pregnant women and children was mainly explained by between-
individual rather than between-city variability. This is a novel and relevant finding that 
should be taken into account in future interventions focused on promoting an active 
lifestyle. This highlights that, apart from variability due to temporal factors (such as 
rainfall, temperature, season of the year, etc.), it is the local factors that make the 
difference. These local factors must be the target of interventions and can be addressed 
in the local environment (such as improved access to blue spaces (Vert et al., 2019)) but 
also by behavioral interventions at neighborhood level. In addition, this study also 
shows that the exposure-response relationships based on 3-day PA assessment will be 
attenuated around 42% and 67% in pregnant women and children, respectively, due to 
within person variability. Moreover, the within-individual variability finding is in 
agreement with previous studies in pregnant women and children (Cramp and Bray, 
2009; Mattocks et al., 2007). 
 
 
4.2. Strengths and limitations 
 
The study has some limitations. The exclusion of pregnant women with ´´at risk´´ 
pregnancy could have excluded women with worse enviro mental exposure levels. The 
design of the two measurements points was thought to characterize the variability 
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holidays. The 24 hours of air pollution monitoring was too short to properly 
characterize personal exposure. Although personal exposure to noise, NOE and 
surrounding greenness was modeled using an advanced approach (i.e. including an 
objective time-resolved time-activity assessment), it may still not capture the full 
variability of exposures and therefore the variabilty may have been underestimated. 
The inability of the model to capture all variability was due to the lack of a temporally 
varying noise model and to the impossibility of including barriers that block noise and 
impede visibility or access to NOE. Finally, the Spearman-Brown equation used to 
calculate the needed number of measurement days assume  that no other sources of 
variation play a role, but this may well not be thecase (e.g. variation by season-related 
factors). 
 
This study is an important step forward in the monitoring of the personal external 
exposome. This type of research is specially needed to understand the between- and 
within- personal external exposures’ relationship. In addition, the present study has 
extended what has been done so far in the relationship between personal and residential 
exposures. These results are useful in reducing the effect that the measurement error of 
residential exposures has on models that study the relationship between environmental 
exposure and health (Buonaccorsi, 2010). The number of measurements per participant 
and the number of cities involved are clear improvements from what has been done so 
far. Although the sample size is enough to characteize the correlation between 
exposures or variability of exposures, it remains small to characterize the population 
exposure levels. We involved both pregnant women and children to obtain a more 
complete picture of the personal external exposome during vulnerable periods of life. 
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exposure levels and variability of participants. Using an ambulatory assessment is a 
clear strength of the study because of the representativeness and external validity of this 





This study has shown the possibility to perform a comprehensive assessment of the 
personal external exposome of pregnant women and chil ren. The levels of personal 
external exposures in both pregnant women and children are above the health 
recommendations, but there is little correlation betwe n the different exposures. The 
assessment of the personal exposures requires between 1 day of monitoring for 
surrounding greenness exposure to more than one year for UV-B exposure because of 
the high variability within participants. Our evalution of the variability and 
interrelationship of personal external exposome can be used by intervention, exposure 
and risk assessment studies to optimize future monitori g designs, reduce exposure 
misclassification, and improve dose-response estimations.  
 
Acknowledgements 
The study was funded by the EC grant HELIX (FP7-ENV-2012-308333). The authors 
acknowledge the EXPOsOMICS project to allow us the us of the prototype of the 
ExpoApp application, which has been developed as combined effort of the 
EXPOsOMICS project (FP7-ENV-2012-308610) and HELIX. Cyntia Manzano 
received funding from Instituto de Salud Carlos III(Ministry of Economy and 













   25 
Salud Carlos III (Ministry of Economy and Competitiveness) (MS16/00128). Dr. 
Regina Grazuleviciene received the grant of the Lithuanian Agency for Science 
Innovation and Technology (No.45 31V-66). We would like to especially thank 
Ateknea Solutions for the adaptations and technical support given with the deployment 
and data extraction from the ExpoApp application utilized to assess the mobility, 
physical activity and exposure of participants. We also thank all participants of the 














   26 
REFERENCES 
Almanza, E., Jerrett, M., Dunton, G., Seto, E., Ann Pentz, M., 2012. A study of 
community design, greenness, and physical activity in children using satellite, GPS and 
accelerometer data. Health Place 18, 46–54. 
https://doi.org/10.1016/j.healthplace.2011.09.003 
Althubaiti, A., 2016. Information bias in health research: definition, pitfalls, and 
adjustment methods. J. Multidiscip. Healthc. 9, 211–217. 
https://doi.org/10.2147/JMDH.S104807 
Berntsen, S., Richardsen, K.R., Mørkrid, K., Sletner, L., Birkeland, K.I., Jenum, A.K., 
2014. Objectively recorded physical activity in early pregnancy: a multiethnic 
population-based study. Scand. J. Med. Sci. Sports 24, 594–601. 
https://doi.org/10.1111/sms.12034 
Buonaccorsi, J.P., 2010. Measurement Error: Models, Methods, and Applications. CRC 
Press. 
Buonanno, G., Stabile, L., Morawska, L., Russi, A., 2013. Children exposure 
assessment to ultrafine particles and black carbon: The role of transport and cooking 
activities. Atmos. Environ. 79, 53–58. https://doi.org/10.1016/j.atmosenv.2013.06.041 
Carson, V., Lee, E.-Y., Hewitt, L., Jennings, C., Hunter, S., Kuzik, N., Stearns, J.A., 
Unrau, S.P., Poitras, V.J., Gray, C., Adamo, K.B., Janssen, I., Okely, A.D., Spence, 
J.C., Timmons, B.W., Sampson, M., Tremblay, M.S., 2017. Systematic review of the 
relationships between physical activity and health indicators in the early years (0-
4 years). BMC Public Health 17, 854. https://doi.org/10.1186/s12889-017-4860-0 
Chaix, B., Méline, J., Duncan, S., Merrien, C., Karusisi, N., Perchoux, C., Lewin, A., 













   27 
forward for environmental exposure assessment, a step backward for causal inference? 
Health Place 21, 46–51. https://doi.org/10.1016/j.healthplace.2013.01.003 
Choi, L., Ward, S.C., Schnelle, J.F., Buchowski, M.S., 2012. Assessment of 
wear/nonwear time classification algorithms for triaxial accelerometer. Med. Sci. Sports 
Exerc. 44, 2009–2016. https://doi.org/10.1249/MSS.0b013e318258cb36 
Clark Nina Annika, Demers Paul A., Karr Catherine J., Koehoorn Mieke, Lencar 
Cornel, Tamburic Lillian, Brauer Michael, 2010. Effect of Early Life Exposure to Air 
Pollution on Development of Childhood Asthma. Environ. Health Perspect. 118, 284–
290. https://doi.org/10.1289/ehp.0900916 
Clifford, A., Lang, L., Chen, R., Anstey, K.J., Seaton, A., 2016. Exposure to air 
pollution and cognitive functioning across the life course – A systematic literature 
review. Environ. Res. 147, 383–398. https://doi.org/10.1016/j.envres.2016.01.018 
Conner, T.S., Mehl, M.R., 2015. Ambulatory Assessment: Methods for Studying 
Everyday Life, in: Emerging Trends in the Social and Behavioral Sciences. John Wiley 
& Sons, Inc. https://doi.org/10.1002/9781118900772.etrds0010 
Coughlin, S.S., 1990. Recall bias in epidemiologic studies. J. Clin. Epidemiol. 43, 87–
91. 
Cramp, A.G., Bray, S.R., 2009. Pre- and postnatal women’s leisure time physical 
activity patterns: a multilevel longitudinal analysis. Res. Q. Exerc. Sport 80, 403–411. 
https://doi.org/10.1080/02701367.2009.10599578 
Crouter, S.E., Horton, M., Bassett, D.R., 2013. Validity of ActiGraph child-specific 
equations during various physical activities. Med. Sci. Sports Exerc. 45, 1403–1409. 
https://doi.org/10.1249/MSS.0b013e318285f03b 













   28 
two-regression model for the ActiGraph accelerometer. Med. Sci. Sports Exerc. 42, 
1029–1037. https://doi.org/10.1249/MSS.0b013e3181c37458 
Dadvand, P., de Nazelle, A., Triguero-Mas, M., Schembari, A., Cirach, M., Amoly, E., 
Figueras, F., Basagaña, X., Ostro, B., Nieuwenhuijsen, M., 2012a. Surrounding 
Greenness and Exposure to Air Pollution During Pregnancy: An Analysis of Personal 
Monitoring Data. Environ. Health Perspect. 120, 1286–1290. 
https://doi.org/10.1289/ehp.1104609 
Dadvand, P., Sunyer, J., Basagaña, X., Ballester, F., Lertxundi, A., Fernández-
Somoano, A., Estarlich, M., García-Esteban, R., Mendez, M.A., Nieuwenhuijsen, M.J., 
2012b. Surrounding Greenness and Pregnancy Outcomes in Four Spanish Birth 
Cohorts. Environ. Health Perspect. 120, 1481–1487. 
https://doi.org/10.1289/ehp.1205244 
de Nazelle, A., Fruin, S., Westerdahl, D., Martinez, D., Ripoll, A., Kubesch, N., 
Nieuwenhuijsen, M., 2012. A travel mode comparison of commuters’ exposures to air 
pollutants in Barcelona. Atmos. Environ. 59, 151–159. 
https://doi.org/10.1016/j.atmosenv.2012.05.013 
de Nazelle, A., Seto, E., Donaire-Gonzalez, D., Mendez, M., Matamala, J., 
Nieuwenhuijsen, M.J., Jerrett, M., 2013. Improving estimates of air pollution exposure 
through ubiquitous sensing technologies. Environ. Pollut. 176, 92–99. 
https://doi.org/10.1016/j.envpol.2012.12.032 
Donaire-Gonzalez, D., de Nazelle, A., Seto, E., Mendez, M., Nieuwenhuijsen, M.J., 
Jerrett, M., 2013. Comparison of Physical Activity Measures Using Mobile Phone-














   29 
Donaire-Gonzalez, D., Valentín, A., de Nazelle, A., mbros, A., Carrasco-Turigas, G., 
Seto, E., Jerrett, M., Nieuwenhuijsen, M.J., 2016. Benefits of Mobile Phone Technology 
for Personal Environmental Monitoring. JMIR MHealth UHealth 4, e126. 
https://doi.org/10.2196/mhealth.5771 
Donaire-Gonzalez, D., Valentín, A., van Nunen, E., Curto, A., Rodriguez, A., 
Fernandez-Nieto, M., Naccarati, A., Tarallo, S., Tsai, M.-Y., Probst-Hensch, N., 
Vermeulen, R., Hoek, G., Vineis, P., Gulliver, J., Nieuwenhuijsen, M.J., 2019. 
ExpoApp: An integrated system to assess multiple personal environmental exposures. 
Environ. Int. 126, 494–503. https://doi.org/10.1016/j.envint.2019.02.054 
Dons, E., Int Panis, L., Van Poppel, M., Theunis, J., Wets, G., 2012. Personal exposure 
to Black Carbon in transport microenvironments. Atmos. Environ. 55, 392–398. 
https://doi.org/10.1016/j.atmosenv.2012.03.020 
Dons, E., Int Panis, L., Van Poppel, M., Theunis, J., Willems, H., Torfs, R., Wets, G., 
2011. Impact of time-activity patterns on personal exposure to black carbon. Atmos. 
Environ. 45, 3594–3602. 
European Environment Agency, 2014. Noise in Europe 2014. Publications Office, 
Luxembourg. 
Evenson, K.R., Wen, F., 2011. Prevalence and correlates of objectively measured 
physical activity and sedentary behavior among US pregnant women. Prev. Med. 53, 
39–43. https://doi.org/10.1016/j.ypmed.2011.04.014 
Foraster, M., Deltell, A., Basagaña, X., Medina-Ramón, M., Aguilera, I., Bouso, L., 
Grau, M., Phuleria, H.C., Rivera, M., Slama, R., Sunyer, J., Targa, J., Künzli, N., 2011. 
Local determinants of road traffic noise levels versus determinants of air pollution 













   30 
https://doi.org/10.1016/j.envres.2010.10.013 
Fu, W., Wang, C., Zou, L., Liu, Q., Gan, Y., Yan, S. ong, F., Wang, Z., Lu, Z., Cao, 
S., 2017. Association between exposure to noise and risk of hypertension: a meta-
analysis of observational epidemiological studies. J. Hypertens. 
https://doi.org/10.1097/HJH.0000000000001504 
Gluckman, P.D., Hanson, M.A., 2004. Living with the past: evolution, development, 
and patterns of disease. Science 305, 1733–1736. 
https://doi.org/10.1126/science.1095292 
Green, A.C., Wallingford, S.C., McBride, P., 2011. Childhood exposure to ultraviolet 
radiation and harmful skin effects: Epidemiological evidence. Prog. Biophys. Mol. 
Biol., Non-Ionizing Radiation (NIR) and Children’s Health 107, 349–355. 
https://doi.org/10.1016/j.pbiomolbio.2011.08.010 
Hagler, G.S.W., Yelverton, T.L.B., Vedantham, R., Hansen, A.D.A., Turner, J.R., 2011. 
Post-processing method to reduce noise while preserving high time resolution in 
aethalometer real-time black carbon data. Aerosol Air Qual. Res. 11, 539–546. 
https://doi.org/10.4209/aaqr.2011.05.0055 
Heil, D.P., Brage, S., Rothney, M.P., 2012. Modeling physical activity outcomes from 
wearable monitors. Med. Sci. Sports Exerc. 44, S50-60. 
https://doi.org/10.1249/MSS.0b013e3182399dcc 
Hohmann, C., Grabenhenrich, L., de Kluizenaar, Y., Tischer, C., Heinrich, J., Chen, C.-
M., Thijs, C., Nieuwenhuijsen, M., Keil, T., 2013. Health effects of chronic noise 
exposure in pregnancy and childhood: a systematic review initiated by ENRIECO. Int. 
J. Hyg. Environ. Health 216, 217–229. https://doi.org/10.1016/j.ijheh.2012.06.001 













   31 
ULTRAVIOLET RADIATION: Health Phys. 99, 66–87. 
https://doi.org/10.1097/HP.0b013e3181d85908 
Int Panis, L., de Geus, B., Vandenbulcke, G., Willems, H., Degraeuwe, B., Bleux, N., 
Mishra, V., Thomas, I., Meeusen, R., 2010. Exposure to particulate matter in traffic: A 
comparison of cyclists and car passengers. Atmos. Environ. 44, 2263–2270. 
https://doi.org/10.1016/j.atmosenv.2010.04.028 
International Commission on Non-Ionizing Radiation Protection, 1995. Global solar UV 
index: a joint recommendation of the World Health Organization, the World 
Meteorological Organization, the United Nations Environment Programme, and the 
International Commission on Non-Ionizing Radiation Protection. Oberschleißheim. 
James, P., Hart, J.E., Hipp, J.A., Mitchell, J.A., Kerr, J., Hurvitz, P.M., Glanz, K., 
Laden, F., 2017. GPS-Based Exposure to Greenness and Walkability and 
Accelerometry-Based Physical Activity. Cancer Epidemiol. Biomarkers Prev. 26, 525–
532. https://doi.org/10.1158/1055-9965.EPI-16-0925 
Johannesson, S., Rappaport, S.M., Sallsten, G., 2011. Variability of environmental 
exposure to fine particles, black smoke, and trace elements among a Swedish 
population. J. Expo. Sci. Environ. Epidemiol. 21, 506–514. 
https://doi.org/10.1038/jes.2011.13 
Lanki, T., Ahokas, A., Alm, S., Janssen, N.A.H., Hoek, G., De Hartog, J.J., Brunekreef, 
B., Pekkanen, J., 2007. Determinants of personal and indoor PM2.5 and absorbance 
among elderly subjects with coronary heart disease. J. Expo. Sci. Environ. Epidemiol. 
17, 124–133. https://doi.org/10.1038/sj.jes.7500470 
Mattocks, C., Leary, S., Ness, A., Deere, K., Saunders, J., Kirkby, J., Blair, S.N., 













   32 
physical activity in children. Med. Sci. Sports Exerc. 39, 622–629. 
https://doi.org/10.1249/mss.0b013e318030631b 
McGrath, L.J., Hopkins, W.G., Hinckson, E.A., 2015. Associations of objectively 
measured built-environment attributes with youth moderate-vigorous physical activity: 
a systematic review and meta-analysis. Sports Med. Auckl. NZ 45, 841–865. 
https://doi.org/10.1007/s40279-015-0301-3 
McGraw, K.O., Wong, S.P., 1996. Forming inferences about some intraclass correlation 
coefficients. Psychol. Methods 1, 30–46. https://doi.org/10.1037/1082-989X.1.1.30 
Montagne, D., Hoek, G., Nieuwenhuijsen, M., Lanki, T. Pennanen, A., Portella, M., 
Meliefste, K., Eeftens, M., Yli-Tuomi, T., Cirach, M., Brunekreef, B., 2013. Agreement 
of land use regression models with personal exposure measurements of particulate 
matter and nitrogen oxides air pollution. Environ. Sci. Technol. 47, 8523–8531. 
https://doi.org/10.1021/es400920a 
Nethery, E., Teschke, K., Brauer, M., 2008. Predicting personal exposure of pregnant 
women to traffic-related air pollutants. Sci. Total Environ. 395, 11–22. 
https://doi.org/10.1016/j.scitotenv.2008.01.047 
Nieuwenhuijsen, M.J., Donaire-Gonzalez, D., Foraster, M., Martinez, D., Cisneros, A., 
2014. Using Personal Sensors to Assess the Exposome and Acute Health Effects. Int. J. 
Environ. Res. Public. Health 11, 7805–7819. https://doi.org/10.3390/ijerph110807805 
Nieuwenhuijsen, M.J., Donaire-Gonzalez, D., Rivas, I., de Castro, M., Cirach, M., 
Hoek, G., Seto, E., Jerrett, M., Sunyer, J., 2015. Variability in and agreement between 
modeled and personal continuously measured black carbon levels using novel 














   33 
Ow, L.F., Ghosh, S., 2017. Urban cities and road traffic noise: Reduction through 
vegetation. Appl. Acoust. 120, 15–20. https://doi.org/10.1016/j.apacoust.2017.01.007 
Paunescu, A.-C., Attoui, M., Bouallala, S., Sunyer, J., Momas, I., 2017. Personal 
measurement of exposure to black carbon and ultrafine particles in schoolchildren from 
PARIS cohort (Paris, France). Indoor Air 27, 766–779. 
https://doi.org/10.1111/ina.12358 
Riddoch, C.J., Bo Andersen, L., Wedderkopp, N., Harro, M., Klasson-Heggebø, L., 
Sardinha, L.B., Cooper, A.R., Ekelund, U., 2004. Physical activity levels and patterns of 
9- and 15-yr-old European children. Med. Sci. Sports Exerc. 36, 86–92. 
https://doi.org/10.1249/01.MSS.0000106174.43932.92 
Riddoch, C.J., Mattocks, C., Deere, K., Saunders, J., Kirkby, J., Tilling, K., Leary, S.D., 
Blair, S.N., Ness, A.R., 2007. Objective measurement of levels and patterns of physical 
activity. Arch. Dis. Child. 92, 963–969. https://doi.org/10.1136/adc.2006.112136 
Rivas, I., Donaire-Gonzalez, D., Bouso, L., Esnaola, M., Pandolfi, M., de Castro, M., 
Viana, M., Alvarez-Pedrerol, M., Nieuwenhuijsen, M., Alastuey, A., Sunyer, J., Querol, 
X., 2016. Spatiotemporally resolved black carbon concentration, schoolchildren’s 
exposure and dose in Barcelona. Indoor Air 26, 391–402. 
https://doi.org/10.1111/ina.12214 
Schembari, A., Triguero-Mas, M., de Nazelle, A., Dadv nd, P., Vrijheid, M., Cirach, 
M., Martinez, D., Figueras, F., Querol, X., Basagaña, X., Eeftens, M., Meliefste, K., 
Nieuwenhuijsen, M.J., 2013. Personal, indoor and out oor air pollution levels among 
pregnant women. Atmos. Environ. 64, 287–295. 
https://doi.org/10.1016/j.atmosenv.2012.09.053 













   34 
2016. Health Benefits from Nature Experiences Depend o  Dose. Sci. Rep. 6, 28551. 
https://doi.org/10.1038/srep28551 
Sørensen, M., Loft, S., Andersen, H.V., Raaschou-Nielsen, O., Skovgaard, L.T., 
Knudsen, L.E., Nielsen, I.V., Hertel, O., 2005. Personal exposure to PM2.5, black 
smoke and NO2 in Copenhagen: relationship to bedroom and outdoor concentrations 
covering seasonal variation. J. Expo. Anal. Environ. Epidemiol. 15, 413–422. 
https://doi.org/10.1038/sj.jea.7500419 
Šrám Radim J., Binková Blanka, Dejmek Jan, Bobak Martin, 2005. Ambient Air 
Pollution and Pregnancy Outcomes: A Review of the Literature. Environ. Health 
Perspect. 113, 375–382. https://doi.org/10.1289/ehp.6362 
Steinle, S., Reis, S., Sabel, C.E., 2013. Quantifyig human exposure to air pollution--
moving from static monitoring to spatio-temporally resolved personal exposure 
assessment. Sci. Total Environ. 443, 184–193. 
https://doi.org/10.1016/j.scitotenv.2012.10.098 
Sun, J., Lucas, R.M., Harrison, S., van der Mei, I., Armstrong, B.K., Nowak, M., 
Brodie, A., Kimlin, M.G., 2014. The relationship betw en ambient ultraviolet radiation 
(UVR) and objectively measured personal UVR exposure dose is modified by season 
and latitude. Photochem. Photobiol. Sci. Off. J. Eur. Photochem. Assoc. Eur. Soc. 
Photobiol. 13, 1711–1718. https://doi.org/10.1039/c4pp00322e 
Thieden, E., Philipsen, P.A., Heydenreich, J., Wulf, H.C., 2004. UV radiation exposure 
related to age, sex, occupation, and sun behavior based on time-stamped personal 
dosimeter readings. Arch. Dermatol. 140, 197–203. 
https://doi.org/10.1001/archderm.140.2.197 













   35 
D., Carrasco-Turigas, G., Masterson, D., van den Berg, M., Ambròs, A., Martínez-
Íñiguez, T., Dedele, A., Hurst, G., Ellis, N., Grazulevicius, T., Voorsmit, M., Cirach, 
M., Cirac-Claveras, J., Swart, W., Clasquin, E., Maas, J., Wendel-Vos, W., Jerrett, M., 
Gražulevičienė, R., Kruize, H., Gidlow, C.J., Nieuwenhuijsen, M.J., 2017. Living Close 
to Natural Outdoor Environments in Four European Cities: Adults’ Contact with the 
Environments and Physical Activity. Int. J. Environ. Res. Public. Health 14. 
https://doi.org/10.3390/ijerph14101162 
Turner, M.C., Nieuwenhuijsen, M., Anderson, K., Balshaw, D., Cui, Y., Dunton, G., 
Hoppin, J.A., Koutrakis, P., Jerrett, M., 2017. Assessing the Exposome with External 
Measures: Commentary on the State of the Science and Research Recommendations. 
Annu. Rev. Public Health 38, 215–239. https://doi.org/10.1146/annurev-publhealth-
082516-012802 
U.S. EPA, 2009. Metabolically Derived Human Ventilation Rates: A Revised Approach 
Based Upon Oxygen Consumption Rates (Final Report, 2009) (No. EPA/600/R-
06/129F). U.S. Environmental Protection Agency, Washington, DC. 
Van Roosbroeck, S., Jacobs, J., Janssen, N.A.H., Oldenwening, M., Hoek, G., 
Brunekreef, B., 2007. Long-term personal exposure to PM2.5, soot and NOx in children 
attending schools located near busy roads, a validation study. Atmos. Environ. 41, 
3381–3394. https://doi.org/10.1016/j.atmosenv.2006.12.023 
Verloigne, M., Van Lippevelde, W., Maes, L., Yıldırım, M., Chinapaw, M., Manios, Y., 
Androutsos, O., Kovács, E., Bringolf-Isler, B., Brug, J., De Bourdeaudhuij, I., 2012. 
Levels of physical activity and sedentary time among 10- to 12-year-old boys and girls 
across 5 European countries using accelerometers: an observational study within the 














   36 
Vert, C., Nieuwenhuijsen, M., Gascon, M., Grellier, J.  Fleming, L.E., White, M.P., 
Rojas-Rueda, D., 2019. Health Benefits of Physical Activity Related to An Urban 
Riverside Regeneration. Int. J. Environ. Res. Public. Health 16, 462. 
https://doi.org/10.3390/ijerph16030462 
Vrijheid, M., Slama, R., Robinson, O., Chatzi, L., Coen, M., van den Hazel, P., 
Thomsen, C., Wright, J., Athersuch, T.J., Avellana, N., Basagaña, X., Brochot, C., 
Bucchini, L., Bustamante, M., Carracedo, A., Casas, M., Estivill, X., Fairley, L., van 
Gent, D., Gonzalez, J.R., Granum, B., Gražuleviči nė, R., Gutzkow, K.B., Julvez, J., 
Keun, H.C., Kogevinas, M., McEachan, R.R.C., Meltzer, H.M., Sabidó, E., Schwarze, 
P.E., Siroux, V., Sunyer, J., Want, E.J., Zeman, F., Nieuwenhuijsen, M.J., 2014. The 
human early-life exposome (HELIX): project rationale and design. Environ. Health 
Perspect. 122, 535–544. https://doi.org/10.1289/ehp.1307204 
WHO (Ed.), 2011. Burden of disease from environmental oise: quantification of 
healthy life years lost in Europe. World Health Organization, Regional Office for 
Europe, Copenhagen, Denmark. 
WHO, 2010. Global Recommendations on Physical Activity for Health, WHO 
Guidelines Approved by the Guidelines Review Committee. World Health 
Organization, Geneva, Switzerland. 
WHO (Ed.), 2006. Air quality guidelines: global update 2005: particulate matter, ozone, 
nitrogen dioxide, and sulfur dioxide. World Health Organization Europe, Copenhagen, 
Denmark. 
Wild, C.P., 2012. The exposome: from concept to utility. Int. J. Epidemiol. 41, 24–32. 
https://doi.org/10.1093/ije/dyr236 













   37 
Challenge of Environmental Exposure Measurement in Molecular Epidemiology. 
Cancer Epidemiol. Prev. Biomark. 14, 1847–1850. https://doi.org/10.1158/1055-
9965.EPI-05-0456 
Zuurbier, M., Hoek, G., Oldenwening, M., Lenters, V. Meliefste, K., van den Hazel, P., 
Brunekreef, B., 2010. Commuters’ Exposure to Particulate Matter Air Pollution Is 

















   38
FIGURE 1. Personal exposure monitoring (PEM) kit used in the panel studies of the 
HELIX project.  
 
(1) ActiGraph wGT3X+; (2) Samsung Galaxy Young (GT-S5360) running ExpoApp; 
(3) Wrist Scienterra UV-B dosimeter; (4) MicroAeth Model AE51; (5) GK2.05 SH 
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Figure 2. Partial Spearman correlation matrix# of personal and ambient external 
exposome and meteorological characteristics in pregnant women and children adjusted 
for city and NO2 background levels. 
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  n = 167 n = 183 
Participants characteristics  
 
   Age: years, mean (SD) 32.9 (4) 7.8 (2) 
   Gender: female, n (%) 167 (100) 78 (43) 
   Educational level (pregnant women/mother):  
high, n (%) 
144 (86) 84 (46) 
   Work status: student or employed, n (%) 139 (83) - 
   Travel distance: km/day, median (IQR) 1.3 (1.8) 0.5 (0.9) 
   Marital status: married, n (%) 99 (59) - 
   ETS exposure, yes, n (%) 58 (35) 75 (41) 
   Gestational age: weeks, mean (SD) 19 (3) - 
   BMI: normal, n (%) 127 (76) 130 (71) 
   
 
Home characteristics  
 
   Floor height: meters, median (IQR) 11 (6-19) 4 (2-6) 
   Kitchen type: gas, n(%) 53 (32) 113 (62) 
   Main heater system: electric or central, n (%) 88 (53) 136 (74) 
   Controlled mechanical ventilation: yes, n (%) 53 (32) 93 (51) 
 
IQR: Interquartile range; ETS: Environmental Tobacco Smoke; BMI: Body Mass Index. 
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Table 2. Descriptive of the overall exposure to the external exposome of participants of both monitoring periods across cities. 
  Pregnant Women Children 
  
All  
(n = 167) 
Oslo  
(n = 60) 
Grenoble  
(n = 49) 
Barcelona  
(n = 58) 
All  
(n = 183) 
Poitiers  
(n = 32) 
Bradford 
(n = 42) 
Kaunas  
(n = 31) 
Heraklion 
(n = 36) 
Sabadell  
(n = 42) 
Personal Air Pollution Exposure                     
PM2.5 (≥25 µg/m
3), N (%) 11 (10.8) - 6 (12.8) 5 (9.1) 19 (17.3) 1 (3.4) 11 (27.5) - - 7 (17.1) 
PM2.5 (µg/m
3), median (IQR) 11 (10) - 6 (9) 13 (9) 13 (12) 8 (8) 11 (18) - - 19 (9) 
PMabs (10
−5/m1), median (IQR) 1.7 (1.3) - 1.2 (0.7) 2.3 (1.1) 1.1 (1.4) 0.6 (0.5) 0.6 (1.1) - - 1.9 (0.8) 
BC (µg/m3), median (IQR) 0.9 (0.9) 0.4 (0.4) 0.9 (0.5) 1.4 (0.7) 0.9 (1.0) 0.6 (0.4) 0.6 (0.6) - - 1.7 (0.6) 
Inhalation BC (µg/day), median 
(IQR) 
7.8 (7.6) 3.5 (3.5) 8.1 (4.4) 11.5 (6) 5.1 (7.1) 3 (2.5) 2.4 (2.6) - - 10.3 (5.7) 
UV-B (SED)                     
UV-B Dose (SED/day), mean (SD) 0.3 (0.2) 0.3 (0.3) 0.2 (0.2) 0.3 (0.3) 0.7 (0.5) 0.9 (0.6) 0.8 (0.4) 0.6 (0.4) 0.6 (0.6) 0.6 (0.3) 
Individuals exposed to ≥ 2 SED at 
least once a week, N (%)  
6 (3.6) 2 (3.3) 1 (2.0) 3 (5.2) 41 (22.7) 15 (46.9) 8 (19.5) 4 (12.9) 8 (22.9) 6 (14.3) 
Road Traffic Noise (Lden)     
      
Noise (dBA), median (IQR) 60.5 (8.5) 57.8 (5.1) 58.1 (5.3) 65.2 (5.6) 56.5 (7.7) 52.5 (2.9) 51.1 (3.5) 51.1 (3.1) 58 (2.6) 59.6 (4.9) 
Time ≥ 65 dBA (hours/day), median 
(IQR) 
4.1 (21.7) 1.2 (4.4) 0.8 (2.7) 21.8 (17.8) 0.4 (4.8) 0.2 (0.5) 0.1 (0.3) 0.2 (0.3) 1.2 (14.6) 5.2 (17.2) 
Noise, ≥ 65 dBA, N (%) 36 (31.9 6 (18.2) 1 (3.8) 29 (53.7) 10 (6.8) 0 (0) 0 (0) 0 (0) 3 (8.8) 7 (17.1) 
Natural Outdoor Environments 
(NOE) 
    
      
Contact with NOE (min/day), 
median (IQR) 
6 (15) 6 (29) 8 (15) 6 (11) 9 (20) 17 (29) 7 (10) 6 (11) 17 (35) 9 (20) 
Individuals in contact with NOE for 
at least 30 min once a week, N (%) 
47 (32.6) 22 (39.3) 13 (40.6) 12 (21.4) 72 (43.1) 14 (46.7) 12 (33.3) 10 (35.7) 18 (56.2) 18 (43.9) 
Surrounding greenness (NDVI), 
median (IQR) 
0.3 (0.3) 0.5 (0.2) 0.4 (0.1) 0.2 (0) 0.4 (0.2) 0.5 (0.1) 0.5 (0.1) 0.5 (0.1) 0.3 (0.2) 0.2 (0.1) 
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IQR: Interquartile range; PM2.5: particulate matter with aerodynamic diameter of 2.5 µm or less; PMabs: PM2.5 absorbance; BC: Black 
Carbon; SED: Standard Erythemal Dose; Lden: noise weighted day-evening-night level; MVPA: Moderate-to-Vigorous physical activity;  
Recommendations: (i) Exposure to PM2.5 ≤ 25 µg/m
3 according to the WHO (WHO, 2006);  (ii) UV-R exposure ≤ 2 SED according to the 
ICNIRP (ICNIRP, 2010); (iii) Noise exposure (Lden) < 65 dBA from (WHO, 2011); (iv) adults physical activity ( ≥ 150 min/week) and 
children physical activity (≥ 60 min/day) according to WHO (WHO, 2010); and (v) spent ≥ 30 minutes at least once a week in contact with 
NOE according to Shanahan et al research (Shanahan et al., 2016).
Overall PA level (counts/min), mean 
(SD) 
321 (104) 333 (115) 293 (86) 330 (104) 580 (139) 417 (123) 595 (118) 609 (105) 670 (129) 557 (107) 
MVPA duration (min/day), median 
(IQR) 
35 (27) 38 (20) 21 (25) 41 (27) 25 (20) 9 (12) 26 (12) 22 (19) 34 (22) 24 (18) 
Meet MVPA recommendation, N 
(%) 
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Table 3. Variance Component Analysis of the personal exposure to external exposome 
from the multivariate mixed linear model*. 
Pregnant Women Children 
























3) 2.67 3 39 58 6 3.71 11 20 69 9 
PMabs (10
−5 · m−1) 1.90 38 16 46 3 2.97 40 17 43 3 
BC (µg/m3) 3.71 38 9 53 4 2.35 52 3 45 3 
BC dose (µg/day) 3.47 41 10 49 4 3.84 60 2 38 2 
Noise (dBA) 40.05 44 52 2 1 36.01 51 47 2 1 
Greenness (NDVI) 0.03 69 26 5 1 0.02 68 29 3 1 
NOE contact (min/day) 4.0e4 1 85 15 2 3.5e4 2 92 6 1 
UV-B (SED) 0.07 1 15 84 61 0.41 2 0 98 533 
MVPA (min/day) 594 11 47 42 9 274 8 25 67 25 
 
σ
2: Variance; Bc: Between-cities; Bp: Between-participants; Wp: Within-participants; ICC: 
Intraclass Correlation Coefficient, defined as 100-Wp%; PM2.5: particulate matter with 
aerodynamic diameter of 2.5 µm or less; PMabs: PM2.5 absorbance; BC: Black Carbon; NDVI: 
normalized difference vegetation index; NOE: Natural Outdoor Environment; UV-B: ultraviolet 
radiation of medium wave; SED: Standard Erythemal Dose; MVPA: Moderate-to-Vigorous 
Physical Activity.  
* Multivariate mixed linear models adjusted for the season, age, sex, and NO2 background 
levels as fixed effects and with random intercept effects for participant and city were used for 
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period), for week measures it implies the average of at least 3 days (see methods), while air 















- The assessment of the personal external exposome is feasible. 
- Personal external exposures are above the health recommendations.  
- Personal external exposures are highly variable within person. 
- External exposure variability can bias health effects estimation. 
- There is little correlation between the different external exposures. 
